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sity has also been strongly influenced by the past demography of the population. Indeed, migration of individuals and the variations of density through time contribute to shaping the current genetic diversity of populations, notably through genetic drift. It is thus very important to consider both kinds of parameters (biological and demographic) when analyzing the genetic structure of populations. One powerful approach consists in developing various plausible evolutionary models in order to estimate the genetic diversity theoretically expected under those models (Fig. 1) . A comparison between the genetic diversity expected under various alternative scenarios and the observed diversity, allows the evaluation of the relative probability of the different models. Computer simulations may be used to generate the expected diversity for complex scenarios that involve many molecular and demographic parameters as well as environmental influences. In particular, computer simulations have proven to be very efficient in studying the impact of the movements of populations over space and time under realistic hypotheses and especially in studying the genetic consequences of population expansion. In this paper, I am going to present how those results apply to the evolution of Europe.
Population expansion and mutation surfing
In order to simulate a population expansion, Edmonds et al. (2004) and the authors of subsequent articles (Hallatschek and Nelson, 2008; Klopfstein et al., 2006; Travis et al., 2007) used an original simulation framework (Fig. 2) . Briefly, this approach consists of simulating, generation after generation, the evolution of individuals (and their genes) within an array of "demes", the whole array representing a subdivided population. Each deme represents a population subunit (or subpopulation) that exchanges migrants with its neighbors. The simulation is spatially-explicit in the sense that the array of demes represents a geographic area with known dimensions. At each generation, two steps occur in every deme. First, a demographic regulation step: the local density increases following a logistic equation at a speed dependant on the growth rate (parameter r) until reaching a maximum (parameter K). The carrying capacity K corresponds to the maximum number of individuals that may coexist in one deme given the Brought to you by | Université de Genève (Université de Genève) Authenticated | 172.16.1.226 Download Date | 7/11/12 9:37 AM available resources. Second, a migration step: a proportion of individuals belonging to each deme emigrates to any of the four neighboring demes. This proportion is equal to the migration rate (parameter m). By putting a few individuals in one deme located at one extremity of an empty array and letting the process go on, it is possible to simulate the colonization of a geographic area by a demographically increasing population, and to simulate the genetic diversity of this population throughout the process.
Such frameworks have been used to study the genetic consequences of population range expansions. One important genetic phenomenon resulting from a population expansion is the "mutation surfing" process, which describes a mutation surfing at the wave front of an expanding population. This process has been extensively investigated using computer simulations (Edmonds et al., 2004; Klopf- , 2006) and it describes a mutation (defining a genetic variant or allele) that takes advantage of a population expansion to increase dramatically in frequency, due to the combined effects of genetic drift and demographic growth ( Fig. 3 ). If the allele is neutral (i.e. not the target of natural selection) and if it belongs to the pioneers of a demographic and spatial expansion, it may then surf on this expansion wave. If surfing occurs, the frequency of this mutation drastically increases at the expansion front and, consequently, in the whole population. The final frequency pattern of this neutral allele thus mimics the effect of positive selection. Evaluating the current distribution of a surfing allele may thus lead to the erroneous conclusion that the distribution in question is the result of this allele being the target of positive selection, while it actually results from demographic processes. Klopfstein et al. (2006) demonstrated theoretically that new mutations can reach very high frequencies by surfing, with various final spatial and frequency distributions depending on demographic factors such as population size, growth and migration rates. More importantly, the probability of the survival of a new mutation depends to a large extent on its proximity to the front of the wave. The closer to the front of the expansion wave a mutation is, the higher is the probability that it will surf. This result underlines the very important role played by the pioneers of a population expansion in spreading their genes in the population. When surfing occurs, the centre of the spatial distribution of the mutation is often found far away from its origin, at odds with the common view that the place of origin of an allele is located where its frequency is the highest (Edmonds et al., 2004) . It is worth mentioning that surfing is not limited to the mutations that appear during the expansion but affects any standing variants (alleles) carried by the pioneers.
The surfing phenomenon can be explained by three elements associated with the wave front of an expanding population. First, population density at the edge of the expansion is low because the number of individuals colonizing a new area is usually small (Fig. 3A ). This promotes genetic drift, i.e. rapid Excoffier and Ray, 2008) . Red and blue alleles are present at equal frequencies in the initial population, before the expansion. The frequency of the blue allele increases at the front of the expansion wave due to surfing. This allele then becomes the commonest allele in the whole population Brought to you by | Université de Genève (Université de Genève) Authenticated | 172.16.1.226 Download Date | 7/11/12 9:37 AM shifts in allele frequency. Second, population density increases after the initial colonization phase, tending to "stabilize" the new allele frequency (Fig. 3B ). Third, pioneers in the colonization of the next area are recruited at the wave front and consequently have a higher probability of transmitting their genes farther away (Fig. 3C ). The repetition over space and time of these three events can explain why the frequency of some neutral alleles in a population increases during an expansion. Despite the fact that only a small proportion of alleles do actually surf, mutation surfing can have drastic consequences on the evolution of an expanding species (Excoffier and Ray, 2008; Excoffier et al., 2009; Currat and Excoffier, 2004; Currat et al., 2008; Hallatschek et al., 2007) . A range expansion can create very complex patterns at neutral loci, mimicking adaptative processes and resembling postglacial segregation of clades from distinct refuge areas. Below, I am going to present the potential implications of mutation surfing with respect to European prehistory.
Southwest-northeast genetic clines over Europe
One genetic pattern commonly observed for Europe is the presence on the continent of clines of allele frequencies oriented from the southeast to the northwest (SE-NW AFC). Evidence of the presence of such clines was uncovered as early as in 1978 (Menozzi et al.) . Those authors created synthetic maps summarizing allelic variation at 38 independent genetic loci, using principal component analyses. Because the first principal component map (PC1) was found to be very similar to the spread of the Neolithic, based on archaeological dates, the authors interpreted those gradients as having been generated by the migration of early farmers from the Near East ~10,000 years ago, and by the subsequent replacement of resident hunter-gatherer populations with little or no interbreeding. Although some aspects of this theory have been criticized (Zvelebil, 1989; Zvelebil, 1986; Sokal et al., 1999a; Sokal et al. 1999b; Rendine et al., 1999; , this interpretation of SE-NW genetic clines, under the name of the Demic Diffusion model (DDM), has been and is still highly influential in research about the genetic impact of the Neolithic transition. In addition to principal component analyses, other studies have reported the existence of clines of variation across Europe (Sokal and Menozzi, 1982 , Sokal et al., 1989 , Barbujani and Pilastro, 1993 Chikhi et al., 1998; Chikhi et al., 2002; Rosser et al., 2000; Dupanloup et al., 2004; Bauchet et al., 2007; Heath et al., 2008; Lao et al., 2008; Tian et al., 2008; Price et al., 2009; Sabatti et al., 2009) . However, those studies investigated different aspects of the genetic variation using various tools, and the precise direction of the reported cline is sometime a matter of debate. Nevertheless, the observation of SE-NW AFC in Europe is still widely considered as the main evidence supporting the Neolithic DDM. My colleagues and I decided to investigate this aspect using a spatially explicit computer simulation approach, more elaborated than those taken in previous attempts.
Following two earlier studies (Rendine et al., 1986; Barbujani et al., 1995) , we took advantage of computer simulation to investigate the genetic patterns expected under various scenarios for the Neolithic transition (Currat and Excoffier, 2005) . We performed a series of simulations of two population expansions that may have affected the genetic structure of Europeans on the continental scale: the arrival of anatomically modern humans who colonized the continent from east to west around 40,000 years ago (Mellars, 2006) ; and the European Neolithic transition, which started some 10,000 years ago in the Middle East and spread over the continent toward its northern and western periphery (Pinhasi et al., 2005) . Of course the reality was not as simple as two consecutive uniform expansions, and archaeological research suggests that distinct demographic, cultural and economic processes occurred in the vari-ous regions of Europe (e.g. Zvelebil, 2000) . However, the modeling of real processes requires many simplifications and abstractions, and one has to keep in mind that the goal of simulations is not to reproduce reality exactly, which would of course be impossible, but to obtain expectations for simple alternative scenarios in order to evaluate which scenario better fits the observed data and, hopefully, be able to discard certain hypotheses. Our own simulations were designed to generate patterns of genetic diversity for basic scenarios of European evolution in order to obtain an interpretative framework on which observed genetic data could be compared. Those scenarios can be seen as basic hypotheses. We tried to capture the possible influence of population expansions in Europe by considering the dynamics of individuals and their genes over space and time. Because the uncertainty associated with many of the parameters to be used is large (e.g. migration and growth rates, carrying capacity, etc.), we performed multiple simulations with different values of input for those parameters in order to explore as well as possible the parameter space. I redirect the reader to the original publication for details on the methodology (Currat and Excoffier, 2005) .
We simulated two successive population expansions in two superimposed arrays of demes representing Europe (Fig. 4) . The two expansions spread over Europe from east to west, the first one representing the Paleolithic expansion of the first modern humans around 40,000 BP and the second one representing the Neolithic transition around 10,000 BP. At the end of the first (Paleolithic) expansion, the entire continent is occupied by hunter-gatherers. Then the second (Neolithic) expansion starts from the Middle East in the second layer of demes (farmers) superimposed on the first (hunter-gatherers), and is simulated as a uniform wave of advance over Europe. Gene flow (parameter ) may occur between hunter-ga- Fig. 4 | Simulation of two successive expansions in Europe. The first one starts 1600 generations before the present (~40,000 years ago) and represents the arrival of anatomically modern humans (orange). The second one starts 400 generations before the present (~10,000 years ago) and represents the Neolithic transition (light green). The zone in black represents the area of cohabitation between hunter-gatherers and farmers and the dark green zone is empty prior to the first expansion Brought to you by | Université de Genève (Université de Genève) Authenticated | 172.16.1.226 Download Date | 7/11/12 9:37 AM therers and farmers belonging to the same geographic area. Here, gene flow represents acculturation, i.e. hunter-gatherer assimilation in the Neolithic population due to the acquisition of Neolithic components. We varied the amount of hunter-gatherer acculturation, in order to simulate either a pure demic (DDM, =0), or alternatively a pure cultural diffusion (CDM, =1) over the entire continent. The genetic consequences of both alternative models are fundamentally different, because DDM implies a large genetic replacement of local populations by incoming exogenous farmers while CDM implies no such replacement and hence suggests that current European gene pool contains a large genetic contribution from European (Upper Palaeolithic/Mesolithic) hunter-gatherers. We also simulated intermediate scenarios in terms of amount of hunter-gatherer assimilation (0.0 < < 1.0). A competition model between hunter-gatherers and farmers was implemented in order to simulate the disappearance of hunter-gatherers after a period of cohabitation with farmers (whose duration depends on the combination of all parameters).
Allele frequency clines (AFC) can be generated by any expansion
At the end of each demographic simulation, data on genetic diversity are generated for a series of virtual samples distributed along a Southeast-Northwest transect. We performed tens of thousands of simulations for various combinations of parameters and measured the proportion of alleles whose frequency increases gradually along the transect. This proportion of allele frequency clines (AFC) is computed for various levels of gene flow ( ) between hunter-gatherers and Neolithic farmers (see Table 1 ). Only a very small proportion (max. 4 %) of all new mutations shows a cline between the Near East and the northwestern periphery of Europe in every case. This corresponds to the proportion of mutations that have surfed. Indeed, surfing on a wave of expansion tends to increase the frequency of a mutation from the starting point of the expansion toward its end (Klopfstein et al., 2006) . More interestingly, the proportion of AFC after a pure Neolithic demic diffusion (3 %, DDM) is very similar to the proportion of AFC after a pure cultural diffusion process (2 %, CDM). Finally, if we look only at alleles that are very frequent over Europe at the end of the simulation (more than 5 % over the entire continent), the proportion of AFC is much higher (between 48 % and 71 %). This last result confirms that surfing alleles are responsible for the clines, because they also tend to reach high frequencies in the final population precisely because of the surfing phenomenon (see Fig. 3 ). Altogether, those results show that allele frequency clines (AFC) could have been generated either by the Paleolithic or by the Neolithic expansions (or by both). The observation of AFC is thus not indicative of the level of resident hunter-gatherer genetic contribution (during the Neolithic transition) to the actual European gene pool. More importantly, it means that the observation of SE-NW AFC cannot on its own be viewed as evidence for the Neolithic Demic diffusion model (DDM).
SE-NW PC1 gradient does not fit a simple expansion from the Near East
In a subsequent study (Francois et al., 2010) , we again simulated a large set of scenarios for the Paleolithic and Neolithic expansions, but this time we generated many virtual genetic samples distributed all over Europe (and not only along a SE-NW transect). Instead of looking at allele frequency clines, we performed principal component analyses in order to check which scenario (combination of parameters) fits the PC1 showing a Southeast-Northwest cline, as described by Menozzi et al. (1978) . Our study directly follows the one by , which demonstrated that PC clines similar to those reported by Menozzi et al. (1978) could be recreated by a "null" model of isolation by distance, without any demographic expansion. Our study revealed an unexpected result: in a majority of cases (78 %-100 %) the PC1 cline is perpendicular to the expansion instead of being parallel to it, at odds with what is commonly thought (Fig. 5) . A PC1 parallel to the expansion was almost never obtained. Among the many observations drawn from those simulations, we showed that a single expansion from the Middle East results in PC1 cline oriented from the Iberian Peninsula to Russia, which does not fit at all the SE-NW PC1 cline observed in Europe.
However, this surprising result can be explained by the mutation surfing phenomenon. Indeed, if we look at the frequency pattern in one dimension, along the axis of a population expansion, surfing alleles display an increasing cline of frequency (AFC). But looking at the two dimensions level, different mutations appeared at different places of the wave front, creating sectors along the axis perpendicular to the expansion (Fig. 6 ). Those sectors correspond to areas where different alleles are fixed or predominant and their presence leads to a very high genetic differentiation along this axis perpendicular to the expansion. In a few words, surfing promotes genetic differentiation along the axis of expansion of a population by increasing the frequency of some alleles, but if the area is broad enough, it also promotes an even larger differentiation pattern that is parallel to the axis of expansion. The formation of such sectors is a generic phenomenon driven by random fluctuations that originate in a thin band of pioneers at the expanding front and has been confirmed in vitro in bacteria (E. Coli) and yeast populations (Hallatschek et al., 2007) . Francois et al. (2010) The consequence of the existence of sectors is that genetic differentiation perpendicular to the axis of an expansion is greater than genetic differentiation along the axis. As the first principal component (PC1) reveals the axis of largest differentiation, in this case the PC1 is a cline perpendicular to the expansion.
Using our simulation framework, a SE-NW PC1 gradient was consistently obtained only when an expansion from the Southwest (Iberic peninsula) was simulated at the onset of the last glacial maximum (20,000 years ago), followed by the Neolithic expansion with a very high genetic contribution of local hunter-gatherers (> 80 %). This result deserves more investigation, particularly in conjunction with issues of environmental heterogeneity, but it underlines the need to consider potential retreat to southern refugee areas and postglacial routes in future simulations aiming at reconstructing the evolution of modern humans in Europe.
Conclusion and Perspectives
In this paper, I hope to have demonstrated the usefulness of computer simulations in establishing a theoretical framework to assist in the interpretation of the current genetic structure of population and to help us to understand the evolution of our species. Computer simulation is a very powerful tool for the evaluation of complex evolutionary scenarios involving population demography and molecular evolution, and especially the spatial dynamics of populations through time. In particular, I have presented Brought to you by | Université de Genève (Université de Genève) Authenticated | 172.16.1.226 Download Date | 7/11/12 9:37 AM here some results regarding the genetic consequences of past demographic expansions and what they tell us about the history of Europeans.
We have shown that spatial patterns of genetic variation, such as clines, can arise under a broad range of expansion scenarios. Consequently, the interpretation of current patterns of genetic diversity in terms of past demography is not a straightforward task. Thus a more precise theoretical framework is needed. Simulations have also revealed that the observation of southeast/northwest genetic clines on the continent is not indicative of the amount of hunter-gatherer genetic contribution during the Neolithic transition. Those clines may have resulted from alleles that surfed during the arrival of anatomically modern humans in Europe or during the Neolithic transition or during both events. Moreover, simulations have also shown that SE-NW PC1 genetic clines, such as the ones observed among contemporary Europeans, are not compatible with a simple expansion from the Near East and that more complex scenarios must be envisaged in order to explain their presence.
The simulated models that were presented here may be seen as null hypotheses on which more refined scenarios could be developed and tested in the future. Indeed, despite being more realistic than former models, in that we take the spatial dynamics of populations into consideration, our simulations still lack a number of key components that could significantly affect the results. Specifically, glaciations periods (e.g. during the last glacial maximum, LGM, around 20,000 years ago) should be considered in the models, as our recent results suggest that they may have had an impact on the current genetic structure. Other additional factors could be included in the models, such as more detailed archaeological information (e.g. areas of presumed acculturation or demic dispersal) or environmental factors acting either as physical barriers or as corridors promoting migration (e.g. mountains, rivers, vegetation, sealevel changes). However, as there are many potential parameters and a lot of uncertainty regarding the values assigned to many of them, we believe that it is necessary to proceed in a step by step manner when adding new parameters and in the careful investigation of their impact on the results. Only then can we increase our understanding of the processes under study and all of their implications.
In addition to model refinements, the incorporation of ancient DNA data within the coalescent framework is very promising with respect to shedding light on past demographic events. Indeed, their incorporation opens exceptional and exciting opportunities for obtaining direct molecular evidence from the past and has been shown to increase the possibilities for uncovering more complex demographic histories than could be revealed using modern genetic data alone (e.g. Drummond et al., 2003) . Although ancient DNA studies have, so far, mainly considered species other than humans (e.g. Ramakrishnan and Hadly, 2009) due to technical difficulties and to the limited availability of large samples from relevant archaeological sites, recent work has begun to focus on human populations (e.g. Bramanti et al., 2009; Burger et al., 2007; Haak et al., 2005) . If combined with the inferential power of spatially explicit simulations, such as those presented in that paper, aDNA data could be used to address a wide range of questions pertaining to the evolutionary history of past and present populations and their genealogical relationships.
